In this article, we take the tensor currentsQ(x)σµνQ(x) to interpolate the P -wave spinsinglet heavy quarkonium states hQ, and study the masses and decay constants with the Borel sum rules and moments sum rules. The masses and decay constants from the Borel sum rules and moments sum rules are consistent with each other, the masses are also consistent with the experimental data. We can take the decay constants as basic input parameters and study other phenomenological quantities with the three-point correlation functions via the QCD sum rules. The heavy quarkonium states hQ couple potentially to the tensor currents Q(x)σµνQ(x), and have the quark structure ǫ ijk ξ † σ k ζ besides the quark structure ik
Introduction
In 2011, the BABAR collaboration observed evidences for the spin-singlet bottomonium state h b (1P) in the sequential decays Υ(3S) → π 0 h b (1P), h b (1P) → γη b (1S) [1] . Later, the Belle collaboration reported the first observation of the spin-singlet bottomonium states h b (1P) and h b (2P) with the significances of 5.5 σ and 11.2 σ respectively in the collisions e + e − → h b (nP)π + π − at energies near the Υ(5S) resonance, and determined the masses M h b (1P) = 9898.3 ± 1. [2] . On the other hand, the mass of the spin-singlet charmonium state h c (1P) has been updated from time to time since its first observation in the pp collisions by the R704 collaboration [3] , the average value listed in the Review of Particle Physics is M hc(1P) = (3525.41 ± 0.16) MeV [4] .
The heavy quarkonium states play an important role both in studying the interplays between the perturbative and nonperturbative QCD and in understanding the heavy quark dynamics due to absence of the light quark contaminations. In this article, we study the heavy quarkonium states h c and h b with the QCD sum rules, explore their quark structures, and make predictions for the masses to be confronted with experimental data. The QCD sum rules is a powerful (nonperturbative) theoretical tool in studying the heavy quarkonium states [5, 6] , the existing works focus on the S-wave heavy quarkonium states J/ψ, η c , Υ, η b , and the P -wave spin-triplet heavy quarkonium states χ cJ , χ bJ , J = 0, 1, 2, while the works on the P -wave spin-singlet heavy quarkonium states h c and h b are few [6, 7] . On the other hand, the heavy quarkonium spectrum have been studied extensively by the (potential) nonrelativistic QCD, and the existing works also focus on the S-wave heavy quarkonium states and P -wave spin-triplet heavy quarkonium states [8] , the works on the P -wave spin-singlet heavy quarkonium states h Q are few [9] . In the (potential) nonrelativistic QCD, the fine splittings and hyperfine splittings among the heavy quarkonium states are treated perturbatively.
The tensor currentsQ(x)σ µν Q(x) and axialvector currentsQ(x)γ 
where x µ = (t, x) andx µ = (t, − x). The P -wave spin-singlet heavy quarkonium states h Q have the spin-parity-charge-conjunction J P C = 1 +− , the axialvector currentsQ(x)γ µ γ 5 Q(x) couple potentially to the axialvector heavy quarkonium states χ c1 and χ b1 , which have the quantum numbers J P C = 1 ++ rather than 1 +− , the tensor currents are superior to the axialvector currents in studying the h Q . In Ref. [6] , Reinders, Rubinstein and Yazaki study the h Q using the interpolating currentsQ(x)∂ µ γ 5 Q(x) with derivatives, and obtain the prediction M hc(1P) = (3.51 ± 0.01) GeV.
In the nonrelativistic limit, the interpolating currents are reduced to the following form,
where the ξ and ζ are the two-component spinors of the heavy quark fieldsQ and Q respectively, the k 1 and k 2 are the three-vectors of the heavy quark fieldsQ and Q respectively, and the σ i are the pauli matrixes. From Eq.(2), we can see that the interpolating currentsQσ µν Q andQγ 5 ∂ µ Q both have the correct quantum numbers of the heavy quarkonium states h Q , therefor they both couple potentially to the h Q . It is interesting to study whether or not the h Q have the quark structure ǫ ijk ξ † σ k ζ besides the quark structure ik
In the QCD sum rules, additional partial derivative ∂ µ in the interpolating currents lead to additional power of s in the spectral densities ρ(s) of the two-point correlation functions, which enhances the continuum contributions even if the Borel depression is taken into account, see Fig.1 . In the limit m Q → 0, the spectral densities ρ(s) are of the orders O(1) and O(s 2 ) for the currentsQσ µν Q andQγ 5 ∂ µ Q, respectively, and we prefer constructing quark currents without partial derivatives. In this article, we interpolate the singlet heavy quarkonium states h Q with the tensor currentsQσ µν Q, calculate the masses and decay constants (or pole residues). The decay constants are basic input parameters in studying the h c DD
s form-factors with three-point correlation functions using the QCD sum rules,
The article is arranged as follows: we derive the QCD sum rules for the masses and decay constants of the heavy quarkonium states h Q in Sect.2; in Sect.3, we present the numerical results and discussions; and Sect.4 is reserved for our conclusions.
2 QCD sum rules for the heavy quarkonium states h Q In the following, we write down the two-point correlation functions Π µναβ (p) in the QCD sum rules, where
µν (x), the two interpolating currents are related with each other through the relation σ µν γ 5 = i 2 ǫ µναβ σ αβ . We decompose the correlation functions Π µναβ (p) as
according to Lorentz covariance, where
Then we project the components Π(p) and Π(p),
where D is the spacetime dimension. We can insert a complete set of intermediate hadronic states with the same quantum numbers as the current operators J µν (x) into the correlation functions Π µναβ (p) to obtain the hadronic representation [5, 6] . After isolating the ground state contribution from the heavy quarkonium states h Q , we get the following result,
where the decay constants f hQ are defined by
and the ε µ are the polarization vectors of the heavy quarkonium states h Q . We choose the tensor structure g µα p ν p β + g νβ p µ p α − g µβ p ν p α − g να p µ p β to study the heavy quarkonium states h Q . In this article, we take a simple ground state plus continuum ansatz to approximate the phenomenological spectral densities. Experimentally, the first few radial excited quarkonium (or bottomonium)
states are narrow and appear as resonance-like states rather than as continuum-like states. As the dominant contributions come from the perturbative terms and the gluon condensates play a minor important role, the higher resonance-like states can also be described by the perturbative terms and attributed to the continuum states, such a simple approximation (or ansatz) works well. One may concerns the possible contaminations come from the J = 2 tensor mesons. The J = 2 tensor mesons χ Q2 couple potentially to the interpolating currents η µν (x),
where
, the λ n are the Gell-Mann matrixes, the ε µν are the polarization tensors of the χ Q2 mesons with the property,
The J = 2 tensor mesons χ Q2 have no contaminations [10] . We carry out the Borel transforms (and the derivatives) with respect to the variable
to obtain the Borel sum rules (and the moments sum rules), and write down the following results at the phenomenological side,
where the s 0 are the continuum threshold parameters.
In the following, we briefly outline the operator product expansion for the correlation functions Π µναβ (p) in perturbative QCD. The Feynman diagram for the leading-order perturbative contribution is shown in Fig.2 . We calculate the diagram using the Cutkosky's rule to obtain the leading-order spectral densities ρ 0 (s),
where λ(a, b, c) = a 2 + b 2 + c 2 − 2ab − 2bc − 2ca. The Feynman diagrams for the next-to-leading-order perturbative contributions are shown in Fig.3 . Again we calculate the diagrams using the Cutkosky's rule to obtain the spectral densities. There are two routines in application of the Cutkosky's rule (or optical theorem), we resort to the routine used in Ref. [6] , not the one used in Ref. [11] .
There are ten possible cuts, see Fig.4 and Fig.5 . The six cuts shown in Fig.4 attribute to virtual gluon emissions and correspond to the self-energy corrections and vertex corrections respectively. We calculate the one-loop quark self-energy corrections directly using the dimensional regularization and choose the on-shell renormalization scheme to subtract the divergences so as to implement the wave-function renormalization and mass renormalization. Then we take into account all contributions come from the six cuts shown in Fig.4 by the following simple replacement for each vertex σ µν γ 5 in the interpolating currents,
are the wave-function renormalization constants come from the self-energy corrections, see Fig.6 ;
comes from the vertex corrections, see Fig.7 ; the counterterm δZ σ comes from renormalization of the operatorQσ µν γ 5 Q,
where the subindex 0 denotes the bare quantity and the r denotes the renormalized quantity. Here γ is the Euler constant, µ 2 is the energy scale, and the Euclidean momentum k E = (k 1 , k 2 , k 3 , k 4 ). In this article, we take the dimension D = 4 − 2ε UV = 4 + 2ε IR to regularize the ultraviolet and infrared divergences respectively, and add the energy scale factors µ 2εUV or µ −2εIR when necessary. We carry out the integral over the variables x, y and k E to obtain
where of the correlation functions can be expressed in the following form,
The four cuts shown in Fig.5 correspond to real gluon emissions. The scattering amplitudes for the real gluon emissions are shown explicitly in Fig.8 . From Fig.8 , we can write down the scattering amplitude T a µνα (p),
then we obtain the corresponding contributions ImΠ R 1 (s) to the imaginary parts of the correlation functions with optical theorem,
where we have used the identities u(p 1 )ū(p 1 ) = p 1 + m Q and v(p 2 )v(p 2 ) = p 2 − m Q for the particle and antiparticle respectively, and take the notation
We carry out the integrals in Eq.(25) in D = 4 + 2ε IR dimension to obtain the spectral densities, 
which are free of divergence. The spectral densities ρ 1 (s) have direct applications in studying the O(α s ) corrections for the decays of a boson into massive fermion-antifermion pairs with the vertexes σ µν γ 5 and σ µν , see Figs.6-8. In Figs.9-10, we present all the Feynman diagrams contribute to the gluon condensates and a typical Feynman diagram contributes to the four-quark condensates. We calculate those diagrams straightforwardly with help of the full quark propagator S ij (x),
, the i, j are color indexes, the g 2 s GG is the gluon condensate [6] , and obtain the spectral densities ρ con (s),
where m In calculations, we observe that the contributions of the four-quark condensates are depressed by inverse powers of the large Euclidean momentum P 2 (thereafter the Borel parameter T 2 ) and play minor important roles, so we can neglect other diagrams contribute to the four-quark condensates of the order O(α 2 s ). Furthermore, we also neglect the contributions come from the three gluon condensates, as they are also depressed by inverse powers of the large Euclidean momentum P 2 and numerical coefficients. The old value (or the experiential value) estimated by the instanton model is g as T 2 = 6 GeV 2 , the three-gluon condensate can be counted as g Once analytical expressions of the QCD spectral densities are obtained, then we can take the quark-hadron duality and perform the Borel transforms (and the derivatives) with respect to the variable P 2 = −p 2 to obtain the Borel sum rules (and the moments sum rules):
We can eliminate the decay constants f hQ and obtain the QCD sum rules for the masses of the heavy quarkonium states h Q , 
Numerical results and discussions
From the experimental data M h b (1P) = 9898.3 ± 1.1
, we obtain the continuum threshold parameters s [4] , which correspond to the pole masses m c = (1.67 ± 0.07) GeV and m b = (4.78 ± 0.06) GeV. The recent studies based on the QCD sum rules [13, 15] , the nonrelativistic large-n Υ sum rules with renormalization group improvement [16] and the lattice QCD [17] indicate (slightly) different values. In this article, we choose the values m b = 4.80 GeV and m c = 1.55 GeV, the uncertainties will be discussed later. Furthermore, we set the energy scale to be µ = m c and m b for the heavy quarkonium states h c and h b , respectively, and take the α s (µ) from the Particle Data Group,
where t = log , Λ = 213 MeV, 296 MeV and 339 MeV for the flavors n f = 5, 4 and 3, respectively [4] .
If we take the Borel parameters as T 2 = (5.5 − 6.5) GeV 2 and (11 − 13) GeV 2 in the channels h c and h b , respectively, the pole contributions are about (51 − 69)% and (50 − 69)%, respectively, see Fig.11 , it is reliable to extract the ground state masses. In Fig.11 , we plot the pole contributions with variations of the Borel parameters T 2 and threshold parameters s 0 . On the other hand, the dominant contributions come from the perturbative terms, the operator product expansion is well convergent.
In Fig.12 , we plot the h Q masses M hQ and decay constants f hQ with variations of the Borel parameters T 2 and threshold parameters s 0 . From the figure, we can see that the values are stable with variations of the Borel parameters T 2 . In Fig.13 , we plot the masses M hQ and decay constants f hQ with variations of the moment parameters n and threshold parameters s 0 in the moments sum rules. In the moments sum rules for the P -wave heavy quarkonium states, ξ > 1 [6] , in this article, we take ξ = 2, and choose n = 3 − 7 and n = 17 − 23 for the h c and h b , respectively. From Figs.12-13, we can see that the values from the moments sum rules are consistent with that from the Borel sum rules.
In the following, we write down the masses and decay constants of the heavy quarkonium states h c and h b , M hc = 3.530 ± 0.006 ± 0.050 ± 0.090 GeV , M h b = 9.894 ± 0.005 ± 0.035 ± 0.064 GeV , f hc = 0.490 ± 0.002 ± 0.040 ± 0.045 GeV ,
from the Borel sum rules, and M hc = 3.521 ± 0.025 ± 0.050 ± 0.098 GeV , M h b = 9.899 ± 0.006 ± 0.040 ± 0.063 GeV , f hc = 0.490 ± 0.008 ± 0.040 ± 0.044 GeV ,
from the moments sum rules. The uncertainties come from the Borel parameters (or moment parameters), threshold parameters, heavy quark masses, sequentially. The integral ranges 4m 2 Q ∼ s 0 and the QCD spectral densities change quickly with variations of the heavy quark masses, small variations δm Q can lead to relatively large uncertainties δM hQ and δf hQ . In this article, we take δ4m [4] . The heavy quarkonium states h Q couple potentially to the tensor currentsQσ µν Q, the h Q have the quark structure ǫ ijk ξ † σ k ζ besides the quark structure ik
For the heavy quarkonium states, especially for the bottomonium states, the relative velocities ω of the quarks are small, we should account for the Coulomb-like α C s ω corrections. After taking into account all the Coulomb-like contributions, we obtain the coefficient f (ω) to dress the leading-order spectral densities ρ 0 (s) [18] ,
In Fig.14 , we plot the coefficients f (ω) = 1 + for the heavy quarkonium states h c and h b , respectively, and take the approximation α 
come from the Borel sum rules indicate the shifts δM hc = −0.014 GeV, δM h b = −0.010 GeV, δf hc = 0.086 GeV, δf h b = 0.108 GeV compared to the predictions in Eq.(35). The mass-shifts are mild, while the decay constant shifts are large.
In theuark model, the party P = (−1) L+1 , the charge conjunction C = (−1) L+S , where L and S are the orbital and spin angular momenta, respectively. The heavy quarkonium states h Q have J P C = 1 +− , so they have the quantum numbers S = 0, L = 1 and J = L, the spins of the quark Q and antiquarkQ should be antiparallel. The quark structures ǫ ijk ξ † σ k ζ and ik the revelent hadronic processes with the QCD sum rules, for example, we can study the h c DD s form-factors with three-point correlation functions. In calculations, we take into account the leading-order, next-to-leading-order perturbative contributions, and the gluon condensate, four-quark condensate contributions in the operator product expansion. The analytical expressions of the perturbative spectral densities have applications in studying the two-body decays of a boson to two fermions with the vertexes σ µν γ 5 and σ µν . 
